A ribosome dissociation factor has been detected in an extract of ribosomal particles from rabbit reticulocytes. This factor dissociates free ribosomes from reticulocytes and also from Escherichia coli; it does not dissociate ribosomes complexed with peptidyl-tRNA and mRNA. The reaction appears to be stoichiometric rather than catalytic; it reaches completion in one minute at 370C, but is very slow at 0C, and it is antagonized and reversed by Mg++. Reticulocyte dissociation factor thus closely resembles that from E. coli. However, the activity has been found primarily associated with the native large subunits rather than the small subunits in lysates.
. To promote polysome runoff the cells were incubated for 30 min at 370C with 10 mM NaF, in the medium described by Rabinovitz et al. (21) (except that rabbit transferrin was omitted). The cells were then chilled, centrifuged, washed twice in cold saline, and lysed in four volumes of 3 mM MgCl2-2 mM dithiothreitol (DTT). Cell debris was removed by centrifugation for 15 min at 27,000 X g, and the ribosomes were pelleted from the supernatant by centrifugation at 300,000 X g for 2 hr. These ribosomes were suspended (at about 250 A20) in standard buffer [10 mM Tris (pH 7.4)-100 mM KC1-2 mM DTTJ with 3 mM MgCl2. The preparations were stored either in small portions at -76°C or on ice; the ribosomes were stable at 0°C for about 1 month.
Free ribosomes were also prepared by incubation of cells for 30 min with 75 ,ug/ml of puromycin and then treatment as above, except that the puromycin ribosomes, because of their lower stability (see Results) , were resuspended in low-KC! buffer [10 mM Tris (pH 7.4)-10 mM KC1-2 mM DTT] with 1.5 mM MgCl2.
Preparation of Polysomes from Reticulocytes. A ribosomal pellet was obtained as described above, except that the runoff step was omitted and the ribosomal particles were pelleted for only 1 hr. The pellet was gently resuspended in the low-KCl buffer and was layered on a linear 15-30% sucrose gradient (28 ml) in the same buffer. After centrifugation for 2.5 hr at 24,000 rpm in a Spinco SW 25.1 rotor the polysome fractions, identified by passage through an ISCO (Instrument Specialties Co., Lincoln, Nebraska) gradient analyzer, were collected, pooled, and pelleted by centrifugation for 10 hr at 300,000 X g. The pellet was resuspended in the same buffer and stored in small portions at -76°C. The ribosomal wash (5 ml) was chromatographed on DEAEcellulose (50 ml) essentially as described for initiation factors (17) , except that the column was eluted stepwise with 0.1, 0.2, 0.3, and 0.4 M KCl. The bulk of the DF activity was eluted by the 0.2-0.3 M step; these fractions were pooled, concentrated by ultrafiltration, and precipitated by the addition of solid ammonium sulfate to 70% saturation.
The precipitate was dissolved in a small volume of modified standard buffer containing 0.1 mM EDTA instead of MgCl2.
After dialysis against the same buffer for 3 hr the partly purified DF was stored in small portions at -76°C.
Protein concentration was measured as described by Lowry (22 Fluoride Ribosomes. DF was added as specified to 0.2 A20 units of fluoride ribosomes in 100 ul of standard buffer containing 0.15 mM MgCl,. In assays with various amounts of DF in EDTA-buffer, ionic conditions were kept constant by appropriate additions of the same solvent. Unless otherwise indicated the mixtures were incubated for 10 min at 37CC, chilled on ice, and layered on a 10-30% linear sucrose gradient (10 mM Tris-100 mM KCl-0.5 mM MgCl2). The gradients were spun for 60 min at 60,000 rpm in the SB405 rotor in an International B60 centrifuge. The absorbance profiles, obtained with a gradient analyzer, were quantitated by cutting out peaks and weighing the paper.
Puromycin Ribosomes. Reaction mixtures were the same as for fluoride ribosomes, except that the Mg++ concentration was raised to 0.3 mM to reduce the background dissociation. The sucrose gradients were 15-30% and contained 3 mM instead of 0.5 mM MgCl2. Centrifugation was for 60 min at 48,000 rpm in the Spinco SW 50.1 rotor. The gradients were analyzed as described above.
Results are presented either as percent of total ribosomal particles sedimenting as subunits or as percent of the initially present 80S riboeomes that were caused to dissociate. E. coli Ribosomes. Ribosomes were prepared from E. coli strain MRE600 and converted to free ribosomes by washing with 1 M NH4Cl (6) . DF action on these ribosomes was assayed as described above, except that the incubation mixture contained 10 mM Tris-60 mM KC1-3 mM MgCl,-2 mM DTT and the sucrose gradients contained 10 mM Tris-60 mM KC1-5 mM MgC12.
Separation and extraction of ribosomal subunits
Ribosomes were pelleted from a reticulocyte lysate for 3 hr at 300,000 X g and resuspended in low-KCl buffer. About 400 A2m0 units were layered on a 28-ml 15-30% sucrose gradient in the same buffer and spun for 7.5 hr at 23,000 rpm in a SW 25.1 Spinco rotor. The "native" 40S, "native" 60S, and 80S fractions were collected. For further purification each fraction was pelleted and then resuspended in 100 lO of 0.25 M sucrose-0.1 mM EDTA-2 mM DTT (17) , which appeared to minimize aggregation. 1 ml of the low-KCl buffer was added, the suspension was sedlimented through a sucrose gradient as before, the appropriate fractions were collected, and the ribosomal particles were pelleted by centrifugation. The pellets were each resuspended in 100 ,ul as above and a small portion was removed for gradient analysis.
DF was extracted from each suspension of ribosomal particles with 0.5 M KC1, as described for initiation factors (17) . After centrifugation for 5 hr at 200,000 X g, the supernatant was carefully withdrawn, dialyzed for 4 hr against two changes of standard buffer with 0.1 mM EDTA, and analyzed immediately for DF activity with 0.25 A260 units of E. coli ribosomes. The dilution of the extract during dialysis was estimated by determination of the decrease in protein concentration. RESULTS Dissociation factor (DF) from reticulocytes; preparation of responsive ribosomes Bacterial DF acts only on free ribosomes and not on ribosomes complexed with mRNA and peptidyl-tRNA (2) . Hence, to test for a similar factor from reticulocytes we first used ribosomes prepared from reticulocytes incubated with NaF (10 mM), which inhibits initiation, perhaps by preventing the attachment of a 60S subunit to an initiating 40S subunit (23) . Some ribosomes remain attached to mRNA after this treatment (24) , but most should be free.
Reticulocyte DF was sought in a crude initiation factor preparation, obtained by extraction of ribosomes with a solution containing 0.5 M KC1 (Methods). Small amounts of this extract caused slight but detectable dissociation of the fluoride ribosomes. With larger amounts, however, most of the ribosomes aggregated and hence were pelleted on subsequent analysis, which revealed only a small peak sedimenting broadly in the 40S region. The aggregation is likely to be due to some supernatant component in the initial pellet, since ribosomes isolated from a sucrose gradient yielded a nonaggregating extract. The "aggregation factors" were readily removed: on DEAE-cellulose chromatography most of the DF activity was eluted in the 0.2-0.3 M KCl fraction, which caused no aggregation of ribosomes (i.e., no loss in total absorbance) and yielded sharp peaks (see Fig. 1A and B). This fraction was used in all further studies. Fig. 1B shows a typical dissociation pattern, obtained by incubation of fluoride ribosomes (background dissociation 10%) with partially purified DF at 370C. The activity was destroyed by heating to 80'C for 5 min (data not shown).
Complexed reticulocyte ribosomes (i.e., polysomes isolated from a sucrose gradient) were not detectably dissociated by reticulocyte DF, even in considerable excess; but treatment with puromycin in the presence of GTP converted about 30% of these ribosomes into a DF-responsive form ( Fig. 2A) . The incomplete conversion was presumably due to the absence of supernatant factors (whose addition caused aggregation).
With fluoride ribosomes the extent of dissociation was essentially proportional to the amount of DF added (Fig.   2C ), but the curve leveled off at 35% dissociation of the 80S ribosomes in the test sample. Since this limit might be due to the presence of complexed ribosomes, we tested the action of DF on lysates from cells that had been incubated with puromycin instead of NaF. As Fig. 2B shows, these "puromycin ribosomes" were more completely dissociated by DF than were "fluoride ribosomes" (Fig. 2C) . However, the puromycin ribosomes exhibited considerable background dissociation in control incubations without DF, even at a higher Mg++ concentration than usual (0.3 mM instead of 0.15 mM). Hence, fluoride ribosomes were used in most subsequent experiments.
Recently we have prepared free ribosomes that were more satisfactory by the method of Blobel and Sabatini (25) , in which polysomes are exposed to puromycin in the presence of 0.5 M KCl and then the salt is diluted to permit reassociation of the subunits. The background of dissociation was low and dissociation by DF was almost complete.
Characteristics of the reaction
Dissociation by reticulocyte DF, as by E. coli DF (1) , is rapid at 370C: with a DF concentration giving submaximal dissociation the reaction was nearly complete within 1 min (Fig. 3) . These kinetics, and the essentially linear concentration-activity curves of Fig. 2 , suggest that dissociation results from complex formation rather than from damage to the ribosomes by an enzyme in the preparation. Also as with E. coli DF (6), the effect of reticulocyte DF was decreased markedly at increased Mg++ concentrations (Fig. 4) . Moreover, dissociation achieved under the standard conditions was completely reversed by raising the Mg++ to 5 mM and then incubating for 10 min (Fig. 1D ).
The reaction is very sensitive to temperature: no response was detected in 10 min at 0°C (Fig. 1C) (Fig. 5) . Moreover, the reaction is restricted to free ribosomes. Thus, with a preparation containing polysomes as well as single ribosomes an excess of reticulocyte DF dissociated a fraction that corresponded closely to the free ribosomes (Fig. 6) , as determined by sedimentation in a gradient containing 50 mM NaCl instead of KCl (26) . With a preparation freed of ligands by washing with 1 M NH4C1 about 80% of the ribosomes were dissociable (Fig. 6 ).
The crossreaction with E. coli is not symmetrical: an E. coli DF preparation, in an amount that dissociated 30 ug of E. coli ribosomes, did not dissociate reticulocyte ribosomes detectably (i.e., <6,ug). For determination of the distribution of DF among the particles in a reticulocyte lysate the 80S, 60S, and 40S fratetions were separated by sucrose gradient centrifugation and the DF was extracted from each and assayed. Surprisingly, the amount of DF recovered per particle was highest for the 60S fraction. However, this fraction contained a large number of presumably dimerized 40S subunits (27) , as shown by resedimentation and by analysis of the RNA in gradients that contained sodium dodecyl sulfate. All three fractions were therefore further purified by an additional centrifugation and isolation of the peaks.
After this second centrifugation, the 80S and 40S fractions, and the 40S fraction derived from the initial 608 preparation, were essentially homogeneous on reanalysis. The second-stage 60S preparation still contained contaminating 80S and 40S particles (Fig. 7) . This preparation yielded 4-7 times more DF activity per mole than did either 40S preparation, and 20 times more than the 80S ribosomes (Table 2 ). These assays were performed with E. coli ribosomes; assays with reticulocyte ribosomes are less accurate, but they gave similar results.
DISCUSSION
This paper shows that a fraction from a high-salt extract of rabbit reticulocyte ribosomal particles selectively dissociates free but not complexed reticulocyte ribosomes. While this response could be accounted for by a physiological dissociation factor (DF), it could also conceivably be due to binding of free Mg++ by the added fraction-especially since the Mg ++ concentration is low (0.15 and 0.3 mM) in the assays, in which test and control samples were adjusted to the same total ionic concentrations. However, the activity of reticulocyte DF was destroyed by heating to 800C. Moreover, the activity was not altered by dialysis of the DF solution against the same medium in which it was to be tested. Finally, the reticulocyte DF was also highly active with E. coli ribosomes, tested at 3 mM Mg++.
Dissociation could also be caused by damage to the ribosomes by the action of an RNase or a protease in the added fraction. However, an enzymatic reaction would be expected to cause a continuous increase in dissociation with time, but the DF reaction is complete in about 1 min (Fig. 3) . Moreover, in all respects tested (kinetics, effects of Mg++ and temperature, reversibility, concentration-activity curve) the reaction closely resembles that of E. coli DF, for which pure material of known molecular weight (5) has provided data that strongly support a stoichiometric rather than a catalytic reaction (6) . Finally, the reaction with reticulocyte DF does not appear to damage the ribosomes. Thus elevation of the Mg++ concentration causes the subunits to reassociate at 370C but not at 0C (Figs. 1 and 6 ; Table 1 ), at which dissociation is also very slow. This finding suggests that the dissociation depends on persistent complexing with DF and not on an enzyme-catalyzed modification of a subunit.
The similarity to E. coli DF suggest that reticulocyte DF should likewise be an initiation factor. Its elution from DEAE-cellulose between 0.2 and .0.3 M KCl would suggest factor M2, which elutes at 0.27 M KCl (17) , as the most likely candidate. Moreover, a preparation of M2, kindly supplied by Dr. W. F. Anderson, had dissociation activity, while a preparation containing both Ml and M3 did not. However, E. coli F3 (identical with DF) plays a role in the recognition of messenger (29) , and it is not certain whether Each fraction was analyzed for distribution of ribosomal particles and for DF content. Moles of ribosomal particles were calculated on the assumption that one A20 unit equals 90 /g of 80S, that the molecular weight of the 80S particle equals 4.0 X 101 (28) , and that the A260 ratio of the 60S to the 40S subunit is 2.7.
* The activity per 60S unit was calculated after correction for the activity of the contaminating 40S particles, on the assumption that the activity per picomole of 40S in this fraction is the same as the activity per picomole in the 40S fraction itself.
this function is performed in reticulocytes by M2 or M3 (16, 30) . Until either reticulocyte DF or M2 is purified, their identity cannot be considered firmly established.
The evolution of parts of the protein-synthesizing machinery has been remarkably conservative. For example, E. coli factor T and mammalian Transferase I are reported to be interchangeable on reticulocyte ribosomes, though not on E. coli ribosomes (31) . We have found the converse with DF: reticulocyte DF is active (at a permissible Mg++ concentration) with E. coli ribosomes, but E. coli DF is not active with reticulocyte ribosomes. Curiously, the dissociation factor of yeast and that of E. coli are reported to show no crossreaction in either direction (20) .
To distinguish a bound ribosomal factor from a true ribosomal protein that is easily extractable, it must be shown to be present on the ribosome at one stage in its cycle but absent in another (9) . Thus, bacterial DF has been shown to be present in the native small subunits but not in the polysomal ribosomes (1) . This criterion has also been met for reticulocyte DF: only a negligible amount was found in the 80S fraction, compared to the amount in the subunits (Table 2) . To our surprise, however, the 60S fraction, even after further purification, yielded several times as much DF as the equivalent amount of the 40S fraction; and though the preparations were not free of crosscontamination an exclusive attachment to 408 particles is clearly ruled out. Moreover, though 40S subunits from reticulocyte ribosomes tend to form dimers, which sediment at 60S (27), these could not account for the findings: for the 40S particles recoverable from the 60S fraction would then be expected to be richer in DF than the secondstage 40S or 60S particles, and they were actually much poorer (Table 2) . Nevertheless, since E. coli DF clearly acts by complexing with the small subunit, and since both E. coli and reticulocyte DF can act on E. coti ribosomes, we are reluctant to conclude that reticulocyte DF acts by binding to the large subunit. The possibility of redistribution during preparation and fractionation of the reticulocyte lysate cannot be excluded.
